Turning can be classified as both rough and finishing process. Any failure during this process will cause a huge loss in terms of raw materials cost. In machining operation, to avoid failures and related consequences, tools are often replaced well before the end of their useful life time. Only 50-80% of the expected tool life is typically used. This is especially the case of production systems where process robustness is critical. Unfortunately, such a strategy leads to increased tool costs. Even though the cost of the tools is often assumed to be only 2-4% of the manufacturing costs, there are studies suggesting that tool costs can be much higher. The main objective of this paper is to outline a procedure for estimating the optimal tool replacement time based on the tool performance calculated using reliability function. This paper includes the selection of a suitable tool life distribution, modeling of reliability functions of cutting tool based on the flank wear as the major failure criteria, Experimental study to validate the reliability function developed for cutting tool, Development of total time on test (TTT) transformation to give brief idea regarding the failure rate of cutting tool.
INTRODUCTION
The cumulative simultaneous wear on the flank and on the face has been chosen as the observed modes of damage. This model is therefore characterized by its formulation that takes into account the standard IS0 wear criteria V B , on the flank. For the reliability analysis, a cutting tool has two possible states, working state and failure state. In working state a tool possesses sufficient characteristics of the working state. After machining for some time the tool find itself difficult to cut the material properly. In terms of probability it is considered as an event opposed to the working state (Ebelings, 2000) . The transition of a tool from a working state to a failure state is defined as a failure. In practice, the failure of the cutting tool is observed as excessive wear or as a breakage. Often, the breakage of a cutting edge is due to an incompatible choice of the cutting parameters. However, for this comparative analysis of cutting tool reliability with and without variable feed, the failure by breakage has been eliminated and the wear only has been considered as failure criteria . During the tests, no breakage failure was observed and therefore this hypothesis is valid.
Carmen and Martha (2010) presented a reliabilitybased analysis for calculating critical tool life in machining processes. It is possible to determine the running time for each tool involved in the process by obtaining the operations sequence for the machining procedure. Usually, the reliability of an operation depends on three independent factors: operator, machine-tool and cutting tool. The reliability of a part manufacturing process is mainly determined by the cutting time for each job and by the sequence of operations, defined by the series configuration. An algorithm is presented to define when the cutting tool must be changed. The proposed algorithm is used to evaluate the reliability of a manufacturing process composed of turning and drilling operations. The reliability of the turning operation is modeled based on data presented in the literature, and from experimental results, a statistical distribution of drilling tool wear was defined, and the reliability of the drilling process was modeled. Vagnorius et al. (2010) proposes an age replacement model. It was assumed that penalty costs are incurred each time a tool fails before the planned replacement. The probability of such an event is determined from the tool reliability function, which models the wear-out by a mixture of Weibull distributions, while failures due to external stresses are accounted for by a homogeneous Poisson process.
The optimal replacement time is then determined from a total time on test (TTT) plot. The adequacy of the proposed approach for practical application is tested and confirmed in a case study on turning of Inconel 718 with cubic boron nitride (CBN) tools. Yuefeng et al. (2010) proposed Statistical relationships between the initial wear and uniform wear periods are obtained. The results show that there is qualitative relationship between wear rate during initial wear period (WRIWP) and wear rate in uniform wear period (WRUWP) to certain extent. On this basis, a tool material rapid selection method based on the initial wear is put forward, and suitable tool materials for machining titanium alloy are selected. The experimental results indicate that this method is effective and useful. The new tool materials rapid selection can be used to select suitable cutting tool materials quickly before carrying out systematic machinability tests with the most suitable tool materials. Murthy et al. (2009) focused on the sequence of performances and specification throughout the design process, and define the reliability specification at the component level that will ensure that the product reliability requirements were met. The outline of the article is as follows. It starts with a brief general discussion of performance and specification and the links between the two in the context of new product development. This is followed by a brief discussion of the design process with the process of arriving at the reliability specifications at the component level. Dasic et al. (2008) have studied the reliability of machining systems depends to a great extent on the reliability of cutting tool performance. By the application of statistical methods describing the breakdown of the components of machining systems in the phase of effective performance, it is possible to determine the theoretical distribution which fits best to the experiment data. The theoretical distribution models encountered more frequently as exponential, linear, normal, weibull etc. The methodology proposed stochastic modeling of tool life based on flank wear. The model was tested in the manufacturing and agricultural engineering. Lin (2008) described the reliability of the cutting tools in the high speed turning by normal distribution model and the tool wear variation of the cutting tool from the point of reliability. studied the reliability of cutting tool performance based on the wear phenomenon through comparative analysis of theoretical distribution models, which fits the experimental results and normal model was proposed for reliability function of the tool. Huang and Liang (2004) develop a methodology to model the CBN tool crater wear rate to both guide the design of CBN tool geometry and optimize cutting parameters in finish hard turning. First, the wear volume losses due to the main wear mechanisms (abrasion, adhesion, and diffusion) are modeled as functions of cutting temperature, stress, and other process attributes respectively. Then, the crater wear rate is predicted in terms of tool/work material properties and cutting configuration. Finally, the proposed model is experimentally validated in finish turning of hardened 52100 bearing steel using a low CBN content insert. The comparison between the prediction and the measurement shows reasonable agreement and the results suggest that adhesion is the main wear mechanism over the investigated range of cutting conditions. 
EXPERIMENTAL DETAILS

Workpiece specifications
Work piece material and Cutting tool insert
Inconel 718 and Cemented Carbide tool insert used for machining are shown in below figure1 and figure 2.
Experimental set up and Cutting conditions
Machining process was carried out in CNC turning centre MIDAS-O under the various combinations of machining parameters like speed, feed and depth of cut. The flank wear was measured using METZER Tool maker's microscope.
Cutting parameters
Speed
: 250-440 rpm Feed : 0.2-0.6 mm/rev Depth of cut : 0.5-2.5 mm 2.5. System specifications
CNC Turning Centre
The following figure 3 shows the MIDAS-O Turning centre used for machining and the Table 1 shows its specifications. 
Reliability modeling
Reliability modeling consists of the following steps:
(1) Identifying various parameters mostly influencing the flank wear (Iakovou et al., 1996) (2) Assume the corresponding failure distribution for development of reliability function;
(3) Deriving the reliability function based on the assumed failure distribution. 
Experimental work
Experimental part of this work consists of the following activities. They are (1) Identification of the work piece material and cutting tool (inserts) based on the problem identification;
(2) Identification of machining process; (3) Identifying different cutting parameters and conditions under which the machining has to be done; (4) Machining and experimentation work; (5) Measuring output parameter such as flank wear of tool.
Software analysis
Analysis part of this work consists of the following steps.
(1) Identify the best fit distribution to the experimental readings using Minitab-16 software for validating the assumed failure distribution in reliability modeling.
(2) Obtain the probability plots for both normal and weibull distribution using Minitab-16.
(3) Compare both probability plots for identifying the failure distribution (Hall et al., 2003) .
Computational work
Computational work consists of the following steps:
(1) Calculation of failure times;
(2) Calculation of the reliability of cutting tool using the failure times.
Experimental procedure
Totally 10 inserts were used for machining (i.e. 40 cutting edges). Each cutting edge was used until it worn out. The machining process was done in dry condition (without lubricant). The turning was done for a length of 70mm.Thus 40 individual cutting trials were carried out under various combinations of cutting parameters. Figure 4 shows the workpiece and the cutting tool insert after machining. Table 2 shows the TTTtransformation values from which the TTT-plot will be developed. 
Work piece and cutting tool after machining
ANALYSIS OF EXPERIMENTAL READINGS
Identification of failure distribution
In order to validate the assumption made in reliability modeling (i.e., flank wear follows normal distribution). In reliability modeling normal distribution and weibull distribution are the two widely used distributions for modeling failure models (Axinte et al., 2001; Bi-Min et al., 2010) . The following figure 5 represents the normal probability plot of the experimental readings and figure 6 shows weibull distribution plot. In the normal probability plot the points are within the region of the straight lines and only a very few are out of the region when compared to the weibull probability plot ( liu et al., 1996; Klim et al., 1996) .Hence flank wear in the present case follows normal distribution and the assumption has been proved.
Over view of the distribution
The over view of the distribution gives brief idea about the probability density function, survival function and hazard rate plot from which the shape of the hazard function can be identified. Hazard function curve in figure 7 shows that failure follows an upward trend i.e., increasing failure rate. 
Total time on test
Total time on test plot analysis of the cutting tool gives brief idea about the failure rate. This method is used for analyzing whether the failure data of the tool follows upward trend or downward trend (i.e., the increasing failure rate or decreasing failure rate). The method uses a total time on test plot for a component, which has normal distribution characteristics.
TTT-terms
Let us assume that all the 40 tests were started at the same time t = 0. (1) is the total time on test (i.e, in operation); (2) T (t (i)) when the i th tool fails at time t (i); (3) T (t (n)) is the total time on test after the last (i.e., nth) tool fails at time t (n).
TTT-plot
The figure 8 shows the TTT-plot which gives the brief idea regarding the failure rate of the inserts. It seems to be following the constant failure rate for sets of cutting edges but cumulatively the tool failure follows increasing failure rate as the time increases. Cumulatively the failure rate follows upward trend that is increasing failure rate. From the standardized tables, = 0.97615 Therefore R (11.2) =1-0.97615=0.02385=2.3% R (5) =40% and R (2) =72%
From the above reliability calculations: (1) at 11.2 minutes the performance of the cutting tool is 2.3% and the probability of survival is 0.023; (2) at 5 minutes of time the tool performance is 40% and the probability of survival is 0.40; (3) at 2 minutes of time the tool performance is 72% and the probability of survival is 0.72.
CONCLUSION
In this work reliability modeling of cutting tool was used for finding the reliability of the cutting tool based on the progressive wear phenomenon and the replacement costs based on the age replacement policy. The proposed approach can be applicable to other types of tools which develop a premature failure. The tool life followed the normal distribution. Based on the normal distribution the reliability function for cutting tool was developed. It is not necessary that failure phenomenon always follows normal distribution. For few cases the failure phenomenon may also follow some other distributions such as exponential, weibull and gamma distribution, in such cases the shape factor and scale factor comes into picture which will give more accurate information regarding the reliability of cutting tool. In the present case based on the reliability of cutting tool, tool performed properly for a time period of 2 min to 6 min. There after its performance gradually decreases. Therefore for the optimal replacement the cutting edge should be indexed after every 6 minutes of starting machining. Calculations reveal that the tool performance is optimum under the following cutting conditions.  Speed: 290 -365 rpm, feed: 0.3-0.4 mm/rev, depth of cut: 1-1.5 mm.
